Solutions of the simplified time-dependent Nernst-Planck electrodiffusion equations for various membrane models under the influence of a step voltage change are presented. Comparison of the results for a membrane with continuous sites to those for membranes with two, three, or five intermediate sites shows little difference either qualitatively or quantitatively in the concentration of the diffusible ion inside the membrane, although some quantitative differences are evident in the calculate currents. The Nernst-Planck equations (1) have been used extensively to describe electrolyte processes in membranes. While exact solutions to these equations for steady-state processes have been obtained (2), solutions of the time-dependent equations, which result from a perturbation of the system, have so far required some simplification to permit solution (3, 4) . In all of these cases, one tacit assumption is that the membrane is continuous, i.e., the diffusing ions can occupy any position along the path through the membrane. Such an assumption is inherent in the use of the Nernst-Planck equations.
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where the upper sign in each second term is for cations and the lower sign for anions. I in Eq. 3 represents the current density.
From the boundary conditions of constant concentration at each end of the membrane (x = 0 at the outside, x = I at the inside) and through the use of Laplace transforms, Eq. 2 may be solved to yield Xn22 + A2V2/4 n272 + B2]1 [4] where A = ZeF/RT and B = AV/2 -AVo. The current, I, can be obtained directly from Eqs. 3 and 4. Eq. 4 may also be rewritten in terms of the reduced parameters:
[5] [6] where C' = C/Co, x' = x/l, V' = ZeFV/RT, I' = 1000 II/ ZCoeFD, and t' = Dt/12.
Discrete (microscopic) model For the discrete model, ion movement through the membrane is envisioned as a jumping from one position to a neighboring site in either direction, the path again being one-dimensional (5). All sites are assumed equally spaced and, in the absence of a transmembrane potential, equivalent. The potential energy at any point along the path consists of two terms, the symmetrical potential in the absence of a field plus the linear contribution from the transmembrane potential (Fig. 1 ). [9] This allows the expression of the time-dependence of the concentration at site i as well as the flux ONj+ 1) and current between sites i and i + 1:
Ij,+I= ZeF4¢,j+i
The solution of Eq. 10 is basically the same as for the continuous model except that, instead of integration over x, matrix solutions are carried out for -Cj-iSs + (1 -Q-2)Cs -Q-2C,+ Iss = 0
[12] and (1) n = 6:
I(2)n =4:
+ Co-Q3C 1c [16] (Q-4C,1Q'+ Q2
The expressions for Cnl. are found by replacing C+ by -N2
and QQ by Q--i. 3 and 4 it can be seen that, at least for the case used, there are marked differences between the current at the outer and inner surfaces of the membrane. At the outer surface, the four models give comparable currents and show slightly sigmoid shape, while the inner surface current shows large differences initially between the models with a nearly exponential decay throughout. At both surfaces, however, the variation from the final steady-state current increases as the number of sites in the membrane increases.
All of these results can be explained by two factors, the number of sites within the membrane and the concentration profiles at t' = 0 and t' = Xo resulting from the concentration and voltage differences across the membrane. Since ions will tend to flow toward the more negative site of the membrane, the concentration of ions within the membrane will be biased toward the concentration on the more positive side, i.e., if the positive side has the higher concentration, the ion concentration at all sites in the membrane will be greater than in the absence of a potential. Also, the greater the number of sites within a membrane, the greater will be the total ion concentration within the membrane, because there are more sites. As a result of the effect of the number of sites, the initial current at both surfaces will always be furthest from the final equilibrium value for the continuous model because it has the most ions to move around. The effect of the initial and final potentials on the deviation from the final current is somewhat more complicated to explain, but is equally intelligible. For the potential change from V'0 =-3 to V' = 2, the concentration profile is going from an outside-biased (lower concentration) membrane to an insidebiased (higher concentration) one. The inner surface current approaches equilibrium rapidly because the inner surface has the high concentration source of ions next to it, while the outer surface current must wait for the ion build-up to reach it. The net result is the marked difference in the progress toward the steady state. For the opposite situation, i.e., going from an inside-biased membrane (V'o = 3) to an outside-biased one (V' = -3), the sigmoid shape is present in the inner current plot, but it is so slight and so short-lived as to be undetectable, except upon close examination of the calculated figures. This results because the initial ion concentration is high through almost the entire membrane such that a large number of ions can move to the new distribution.
Another phenomenon was that, in the greater portion of the current decay, the major effect of different initial potentials was an offset in the time response, i.e., a shift in the time scales for each curve could give a good overlap for all of the curves at a given final potential. The greater the differences between the initial and final potential, the greater was the time delay (see Table 1 ). Such a potential-dependent time delay has been observed experimentally in nerve responses (7) . The correlation to nerve responses should not be stressed too much, however, since the marked sigmoid shape and slow (msec) response times in nerve cells are not seen in our calculations.
The failure of these calculations to correspond with experimental results should not seem too surprising at this point since several factors have not been considered. We have ignored the possibility of a difference between the dielectric constant of the medium and that of the membrane, a difference which could affect both the ability of the ion to penetrate the membrane and the influence of the electric field on the movement of the ions. A second, and perhaps more important, consideration is that the potential change cannot be the step function we have assumed but must rather be some function of time. Since the reader can imagine several other possibilities, we will not belabor the point. Hopefully, consideration of one or more of these other factors will improve the model to a point where we can simulate experimental results. Diffusional control by itself does not appear to require a long enough time to be experimentally measurable, at least in very thin membranes.
